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Abstract

This research integrates physical, social, and economic aspects to
address seismic vulnerability in the municipality of Toluca, Mexico. The
objective is to design and implement a procedure that estimates seismic
vulnerability at the urban block scale. The developed method combines
physical and socio-economic dimensions to assess seismic vulnerability.
The physical dimension includes susceptibility to seismic resonance, as
well as the age and type of constructions, while the socio-economic
dimension is based on the marginalization index. Mapping covers 7,807
urban blocks where five levels of vulnerability are identified, with 46.6%
exhibiting severe and very severe levels. The resulting zoning is a robust
tool for risk reduction, particularly for justifying the implementation of
actions aimed at reducing vulnerability.

Keywords: development management; seismic risk; hazard mapping;
holistic approach; seismic resilience; seismic vulnerability.

Resumen

Lainvestigacién transita hacia laintegracion de aspectosfisicos, sociales
y econdmicos, que convergen en una aproximacion a la vulnerabilidad
sismica para el municipio de Toluca, México. El objetivo se orienta a
disefar y aplicar un procedimiento que estime la vulnerabilidad sismica
a escala de manzana urbana. El método desarrollado fusiona las
dimensiones fisicas y socioecondmica para evaluar la vulnerabilidad
sismica. La dimension fisica incluye la susceptibilidad a resonancias
sismicas, la antigliedad y tipo de construcciones; mientras que la
socioeconémica se basa en el indice de marginacién. La cartografia
cubre 7.807 manzanas urbanas donde convergen cinco niveles de
vulnerabilidad, destacando que, el 46,6% muestra niveles altos y muy
altos. La zonificacién resultante es una herramienta robusta para la
reduccion del riesgo, especialmente para justificar la implementacion
de acciones dirigidas a reducir la vulnerabilidad.

Palabras clave: gestion del desarrollo; riesgo sismico; cartografia de
peligros; enfoque holistico; resiliencia sismica; vulnerabilidad sismica.
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Sanchez Carmona, et al

Socio-natural disasters, especially earthquakes, pose significant hazard to the safety and well-being of com-
munities worldwide. Faced with the hazard of a seismic event, the analysis and understanding of vulnerability
become crucial tasks. Vulnerability to seismic risk is a concept that encompasses different dimensions, in-
cluding structural, social, and economic aspects (Olcina, 2022). Therefore, adopting a holistic approach that
considers these dimensions is essential to comprehend the true extent of seismic vulnerability and to develop
effective mitigation and response strategies (Lee & Oh, 2022).

In this context, Disaster Risk Reduction (RRD) emerges as a pivotal field in emergency management and
urban planning. Essentially, DRR refers to a series of actions and strategies aimed at minimizing the adverse
effects of natural or human-induced events (Parajuli, 2020). However, its effectiveness largely depends on the
understanding and addressing overall vulnerability.

Vulnerability, according to the Dictionary of the Royal Spanish Academy (DRAE, 2014, for its acronym in
Spanish), is the quality of being susceptible to harm or damage, whether physical or moral. This multidimen-
sional concept involves evaluating the structural conditions of a society or region in terms of its capacity to
resist. Essentially, vulnerability represents the latent possibility of experiencing harm before an adverse event
occurs, emphasizing the importance of strengthening conditions that enable a community to face and over-
come challenges.

This concept explains why territories exposed to the same hazard may experience different impacts, unevenly
distributing the effects of natural hazards. Vulnerability is understood as a component of risk, alongside the
hazard and exposure (Tatano et al., 2023).

The hazard is a physical characteristic; however, exposure and vulnerability are influenced by social and eco-
nomic factors, delineating socio-economic inequalities (Iglesias-Lesaga & Carmona-Motolinia, 2016; Pérez-
Morente et al., 2017; Bard & Monroy, 2018; Ramos, 2019).

Vulnerability is a concept that encompasses various dimensions, enabling the development of effective DRR
strategies that strengthen community resilience to disasters (Conlon et al., 2020). In this sense, the assess-
ment presented here considers structural, social, and economic dimensions.

The studies by Acevedo et al. (2017 & 2020), along with the work of Hoyos & Hernandez (2021), focus on
assessing the structural vulnerability of buildings, considering physical aspects such as construction type,
age, conservation status, material resistance, and foundation. Research conducted by Armas (2012); Huang
et al. (2015); Burton et al. (2022) focuses on analyzing the social and economic conditions that expose com-
munities to higher risks during seismic events. Factors that can be evaluated to estimate social and economic
vulnerability include the population’s income level, availability of health and emergency services, population
density in risk-prone areas, education, and public awareness of earthquake preparedness, as well as the
responsiveness and recovery capacity of local institutions.

The main objective of this research is to integrate existing methods that rarely converge in a single study, es-
pecially when analyzing seismic vulnerability at the municipal level. The innovative aspect of this work does
not lie in generating a new method; rather, its strength lies in combining approaches from both applied and
social sciences. Cardona (2001) and Barrantes & Marquez (2011) engage in deep academic discussions on
interdisciplinary integration to achieve robust studies. Particularly, for the case study conducted in this article
(municipality of Toluca), factors of structural and socioeconomic vulnerability are considered. The procedure
systematically combines technical resources and information available for the Mexican context, opening up
the possibility of replication in other municipalities of the country. Lastly, the goal is to enhance the quality
of information for the case study. Until now, the only previous work corresponds to Ordaz Hernandez et al.
(2020), which focused on analyzing structural vulnerability and only considered building typology and ages.

The study was conducted in the city of Toluca, the capital of the State of Mexico, which is home to a
population of 910,608 inhabitants (National Institute of Statistics and Geography [INEGI], 2020a) (Figure 1).
The urban infrastructure is organized into 7,807 blocks, with a prevalence of buildings between two and five
floors, distributed over an area 131.08 km? at an average altitude of 2,640 meters above sea level (Ministry of
Agrarian, Territorial, and Urban Development [SEDATU], 2020).
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Figure 1. Geographic location of the city of Toluca
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Where: Box A represents the context in Central and North America, Box B indicates the location within the state, and Box C denotes the city’s
position within the municipality

Source: INEGI (2020b). Own elaboration

Due to urban expansion and population growth in Toluca, there is a growing concern about the structural
vulnerability of buildings. The rapid construction of housing and the lack of adequate regulation in some
areas have resulted in building practices that may be susceptible to damage in the event of seismic events
or other natural hazards. For instance, between 2000 and 2020, the city’s population increased from 666,596
to 910,608 inhabitants (INEGI, 2010 & 2020b). In a qualitative study on the structural vulnerability to seismic
hazard in the city’s housing stock, Ordaz Hernandez et al. (2020) warned about a significant number of blocks
susceptible to damage. In the cited study, 5,121 blocks were analyzed, of which 866 were predicted to have
very severe vulnerability and 1,430 with severe vulnerability.

In the context of the described exposed elements, stratigraphic characteristics that contribute to local seis-
mic amplification are added. For the city of Toluca, impedance contrast values above 3.0 and dominant
ground periods exceeding 1.0 s have been estimated, spatially linked to sites with powerful layers of loosely
consolidated (low density) soils up to 100 meters thick (Sanchez et al., 2022; Ordaz Hernandez, 2022). The
significance of this is heightened considering the location of the city of Toluca within the MVB seismotectonic
zone (Zunhiga et al., 2017), the same structure that generated the magnitude 7.2 Mw, earthquake on Septem-
ber 19th, 2017, causing the death of at least 369 people (Buendia & Reinoso, 2019).

Within a city, two approaches can be followed depending on the research object. The first is related to studies
of a particular building or construction, which, due to their relevance, justify detailed analysis, as is the case
with structural modeling. Examples of these applications have been developed in heritage buildings in the
cities of Malaga and Cairo (Goded, 2010; Sallam et al., 2023), or for the analysis of the vulnerability of lifeline
buildings in Uttarakhand, northern India (Girish et al., 2019).

% Investigaciones Geogréficas, 82, 105-126



Sanchez Carmona, et al

However, the work presented here aims to approach seismic vulnerability conditions in a city (second ap-
proach), using the block as the basic unit of information. Studies on seismic vulnerability at the city level
face the challenge of handling a significant volume of alphanumeric data and grouping buildings with similar
structural behaviors (Armas, 2012; Hassan et al., 2022; Li & Formisano, 2023). In cases where information
is incomplete or it is unfeasible to obtain it directly in the field, some studies apply convolutional neural net-
works to automatically detect building typologies (Cui et al., 2023; Hafidz et al., 2024).

In coherence with the objective of this study, a procedure was designed that led to obtaining seismic
vulnerability (V) (Figure 2). The methodological proposal is based on the analysis of two vulnerabilities:
Structural vulnerability (V) and socioeconomic vulnerability (V_) (Equation 1). Its purpose is to generate a
cartographic product that approximates the physical and socioeconomic reality of the municipality of Toluca
and that, moreover, can be replicated in other municipalities of Mexico.

Seismic vulnerability requires a holistic analysis, in this case, supported by the spatial relationships between
structural and socioeconomic vulnerability. These vulnerabilities and the indicators that compose them are
extensively used for different case studies (Baquedano et al., 2023; Jaimes et al., 2023; Meyers-Angulo et al.,
2023; Novelo-Casanova & Suarez, 2024). However, the procedure explained below can be strengthened in sub-
sequent studies, for example, by analyzing the preparedness and response capacity of government structures,
defined in the literature as institutional vulnerability (Acufia, 2016; Alcantara et al., 2019; Mufioz-Sanchez, 2019).

Vo=V, +V_ Equation 1
For the formulation, the same weights were assigned to the variables V_and V_. This selection, made through

expert criteria, aims to achieve a balance in the contribution of both variables, ensuring that the equation fairly
reflects their impact on total vulnerability.

Figure 2. Flow chart for determining seismic vulnerability
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The assessment of structural vulnerability involves analyzing and evaluating the level of fragility of structural
elements of a building against seismic events (Martins & Silva, 2021) and is considered one of the most complex
variables to estimate. Generally, there are two types of studies: (1) those aimed at defining the vulnerability of a
particular structure (building, bridge, dam, among others) (Vargas et al., 2013; Alas & Grijalva, 2018; Cardenas,
2021) and (2) those aimed at estimating the vulnerability of a set of structures that are part of a neighborhood,
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city, or municipality, where constructions with probably similar behaviors are grouped (Armas, 2012; Ruiz et al.,
2016; Ordaz-Hernandez et al., 2020; Colajanni & D’Anna, 2024). For the present study, the second approach is
applied (vulnerability index method), using the block as the basic unit of information (Equation 2).

Ve=Irs + lec + Itc Equation 2

Where Irs, lec and ltc correspond to the seismic resonance, age of constructions, and construction typology
indicators, respectively. This choice implies that each of these indicators is considered to contribute
equivalently to the overall assessment.

In the case of Mexico City, located approximately 70 km from Toluca, the effect of seismic resonance on
infrastructure has been demonstrated (Orozco & Reinoso, 2007; Razo & Dominguez, 2020). These studies
have shown the relationship between seismic resonance and the damages caused to structures by the
earthquakes in July 1957, September 1985, and September 2017. For this work, the definition proposed
by Orozco and Reynoso (2007) is considered: “The resonance effect is considered to occur when, during
seismic excitation, the natural period of a structure is very similar to the dominant period of the soil on which
it is founded.” (p. 83).

Based on this theoretical foundation, the present study addresses the dominant soil period, obtained through
the application of the empirical equation T=(4H/Vs), proposed by Bard (1997) and applied in more recent
studies (Rocabado et al., 2011; Diaz-Segura, 2017). In Bard’s proposal, sediments thickness (H), and the
shear wave velocity (Vs) are involved. It’s important to highlight that the use of this method constitutes a
simplification; however, it can be an alternative for urban areas similar to Toluca that lack seismic microzo-
nation. The sediment thickness (H) was acquired through information from 20 boreholes located in the area
for hydrological purposes (Expdsito, 2012) and 66 boreholes from geotechnical studies conducted from 1992
to 2021 by the Materials Laboratory of the Autonomous University of the State of Mexico. The thickness
of unconsolidated materials (H), ranges widely, from 0 to 140.0 m. In the work carried out by Sanchez et
al. (2022), modeling of the different lithologies of the metropolitan area of the Toluca Valley was performed.
Geotechnical boreholes (of shallow depth) allowed certainty of thicknesses up to the first approximately 25
meters, while boreholes with hydrogeological purposes (average depth of 150 m) clarified the depth of the
rock stratum roof.

The most commonly used drilling method in geotechnical investigations in the municipality was the Standard
Penetration Test (SPT). This allowed characterizing each soil layer based on the recorded number of blows
(N). In this way, it was possible to apply the empirical correlations proposed by Dikmen (2009), which are
based on the number of blows (N), to obtain the shear wave velocities (Vs) of the soils in the area (Table 1).
Considering the vertical heterogeneity of the cross-section (intercalation of different layers), the equivalent Vs
was determined using the equation (Federal Electricity Commission [CFE], 2015):

ZN Vih;

Where V, corresponds to the shear wave velocity of each layer, h, represents the thickness of each layer, and
H_ represents the total of all thickness. Subsequently, the dominant period of the soil was calculated for the
86 points (boreholes), and the obtained value was interpolated using the geostatistical Kriging method.

Once the approximate values of the dominant period of the soil, on which the urban infrastructure rests,
have been clarified, the next step is to estimate the oscillation period of the structures (Te). For this purpose,
various numerical simulations are available, which can be consulted in Oliveira & Navarro (2010). Considering
the height of the constructions in the municipality, it was decided to use the National Earthquake Hazards
Reduction Program (NEHRP,1994), indicating that Te=0.1 N, where N represents the number of levels with a
minimum height of 2.7 meters per floor. The values of Te were associated with the blocks according to the
number of levels (height) most generalized around their perimeter. Then, an overlay was performed between
the blocks and the map of the dominant period of the soil. This allowed calculating the T/Te ratio for each
block. Buildings would experience resonance when the results of the ratio fall within the range of 0.7 to 1.2,
(Federal District Building Regulations [RCDF], 2004), and polygons in this situation are assigned a weighting
value of 1.0, while the rest are assigned 0 (Figure 3A).
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Table 1. Lithological types forming the subsurface of the municipality of Toluca and their shear wave velocities

Inorganic clays with low to medium plasticity 161.42 m/s*
Inorganic silts and very fine sands 166.51 m/s*
Well-graded sands 216.61 m/s*
Clayey sands 202.45 m/s*
Inorganic silts 176.19 m/s*
Silty sands 205.44 m/s*
Poorly-graded sands 235.97 m/s*
Poorly-graded gravels 229.09 m/s*

Pyroclastic material

760-1,500 m/s**

>1,500 m/s**
>1,500 m/s**

Volcanic rock (Andesite)
Volcanic rock (Basalt)

Source: *Values obtained applying empirical correlations proposed by Dikmen (2009). **Shear wave velocities proposed by Federal Emergency
Management Agency (FEMA, 2003) for lithological types like those studied in this case study; Own elaboration

For the analysis of the influence of age (Figure 3B), the suggestions contained in Serrano & Temes (2015)
and Tinoco et al. (2019) were considered. Additionally, the Cadastral Manual of the State of Mexico (Institute
of Geographic, Statistical and Cadastral Information and Research of the State of Mexico [[GECEM], 2022b)
was consulted, which proposes the period of useful life for constructive typologies (Example: H1, precarious
housing typology with 15 years of useful life). The analysis of the cited works refers to (1) the incidence of aging
of structures on their resistance capacity against seismic events and (2) the construction period, which likely
suggests improvements in safety protocols in design. The two mentioned approaches were attempted to be
summarized in Table 2, and with the support of SQL queries in GIS platform, possible options were identified.
The age of different constructive developments for Toluca is extracted from IGECEM, (2022a). The second
element to consider refers to the enforcement of the General Regulation of Constructions of the Municipality
of Toluca (Municipal Government of Toluca, 1993), where explicitly in the Tenth Title “Structural Safety”, in
chapters | to VI stipulate actions aimed at improving construction protocols (Ramirez et al., 2002).

Table 2. Integration of factors associated with the age of constructions

Null vulnerability Weight

Moderate vulnerability

Moderate vulnerability

Severe vulnerability

value 0

Construction exceeding the
useful life period

Weight value 0.5

Construction exceeding the
useful life period

Weight value 0.5

Construction not exceeding
the useful life period

Weight value 1

Construction exceeding the
useful life period

Construction post-
enforcement of the
General Regulation of
Constructions of the
Municipality of Toluca

Construction post-
enforcement of the
General Regulation of
Constructions of the
Municipality of Toluca

Construction pre-
enforcement of the
General Regulation of
Constructions of the
Municipality of Toluca

Construction pre-
enforcement of the
General Regulation of
Constructions of the
Municipality of Toluca

Own elaboration

Up to this point, seismic resonance and building age indicators have been described. Now, building typology is
addressed. In this case study, a large volume of data is employed, analyzing approximately 157,365 dwellings
distributed across 7,807 blocks. The building typology indicator (Figure 3C) is introduced as a third criterion to
define the predisposition of structures to suffer damage during seismic events. Martins & Silva (2021) indicate
that seismic performance assessments of buildings can follow two routes: (1) through empirical methods
(Iglesias Asenjo et al., 2006; European Seismological Commission, 2008; Novelo-Casanova & Suarez, 2024,
among others) or (2) employing analytical methods (Federal Emergency Management Agency and National
Institute of Building Sciences [FEMA/NIBS], 1999; NIBS, 2000; Milutinovic & Trendafiloski, 2003; Molina et
al., 2010).
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Figure 3. Spatial behavior of the indicators used for the analysis of structural vulnerability in the municipality of Toluca
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Considering the current level of information available for the municipality of Toluca, the empirical methods
approach will be pursued, where two criteria will be evaluated: (1) materials and construction design employed,
and (2) experiences of damage to similar structures during historical earthquakes in Mexico. For a detailed
analysis of the two aforementioned criteria, the cartography provided by IGECEM (2022a), is used as a
starting point, which includes the blocks of the municipality and is associated with the attribute “Typology”.
The typologies identified in the municipality of Toluca are exhaustively described in the Cadastre Manual of
the State of Mexico IGECEM (2022b). This allowed correlating the structures of the municipality with similar
ones that suffered different degrees of damage in past earthquakes (Ramirez & Lugo, 2000; Gonzalez et al.,
2010; Buendia & Reinoso, 2019; Gonzalez et al., 2020; Tena-Colunga et al., 2021). Additionally, the vulnerability
classes contained in the European Macroseismic Scale EMS-98 were observed, the latter serving as a validation
reference for the decisions made. Thus, Table 3 tabulates (a) the eleven construction typologies present in Toluca,
(b) the most common materials and design styles, (c) a representative image, (d) a qualitative assessment of
their predisposition to suffer damage with an assigned weighting value, and (e) equivalent (similar) structures
that suffered damage in past earthquakes. It is important to note that the procedure results in an approximation
or preliminary evaluation of the “building typology” indicator, consistent with the level of information currently
available to municipalities in Mexico; and the authors consider it important for future work to transition to the
estimation of a Seismic Structural Vulnerability Index, similar to the proposal by Novelo & Suarez (2024).
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Table 3. Predisposition of building typologies to suffer damage during seismic events. Qualitative approach for the municipality of Toluca

Representative Image for Toluca /
Qualitative Assessment of Susceptibility
to Damage

Damage to Similar Structures

Typology / Materials and Design Styles in Past Earthquakes in Mexico

Poor-quality and/or recycled materials, unfinished. Room heights
less than 3.0 m, self-construction. Construction surfaces are minimal,

tiles, asbestos, galvanized sheets. Wood, adobe, and recycled material
are used in walls.

Informal housing (H1) / Precarious dwellings, without formal design. |

generally 40 m? or smaller. Roofing materials include cardboard sheets, -

Adobe construction

in Toluca municipality

/ Very severe
susceptibility to damage,
weighting value 1.0.

Collapse of walls

and roofs in adobe
constructions in the
northern region of
Guerrero State, during
the earthquake on
19/09/2017 (8.1 Mw).

defined project. Economical materials, with rudimentary finishes,
executed with poor quality. Room heights less than 3.5 meters, self-
construction. Materials used include concrete, unfinished slabs, brick
walls, or similar in walls.

Popular housing (H2) / Economical housing without a defined or partially |

Economical housing

without a defined project |

/ Severe susceptibility
to damage, weighting
value 0.8.

Cracks in columns and
walls in economical
housing without defined
projects in the State

of Chiapas, during

the earthquake on
07/09/2017 (8.2 Mw).

Social Interest Housing (H3) / With a defined typical project. Economical
materials with medium-quality execution. Room heights less than 3.5
m. Mass production by private or official companies. Located in urban
areas, subdivisions, or isolated lots. Roofing may be concrete, pre-
mixed concrete, glass block walls, brick, or similar.

Social interest housing
with a defined typical
project / Moderate
susceptibility to damage,
weighting value 0.6.

Partial deterioration
of surface finishes in
social interest housing
with a defined project
in Mexico City, during
the earthquake on
19/09/2017 (8.1 Mw).

Medium Housing (H4) / Housing with regular, well-defined projects.
Materials of medium and good quality with well-executed finishes. Room

Materials used include concrete and vaults. Roofing typically employs
waterproofing and tile and/or brick coverings. Walls are made of brick,
concrete block, adobe, or stone.

heights averaging 4.0 m, constructed under professional supervision. | Z& '

Medium housing with

a well-defined regular
project / Moderate
susceptibility to damage,
weighting value 0.6.

Cracks in columns

and beams, and in
structural walls with
defined projects in the
State of Chiapas, during
the earthquake on
07/09/2017 (8.2 Mw).
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Good Residential Housing (H5) / Houses with good architectural design, S

functional and quality. Good-quality materials, well-executed finishes
with special details. Room heights averaging 6.0 meters, constructed by
construction companies. Located in exclusive areas and/or residential
subdivisions.

Medium Commercial (C2) / Commercial use constructions. Regular,
defined, and functional project. Medium-quality materials with well-
executed finishes. Room heights averaging less than 4.0 meters,
constructed under supervision or by construction companies. Located
in commercial zones, planned commercial corridors, or outside urban
areas.

High Commercial (C3) / Defined, quality functional project, controlled

high-quality materials, well-executed finishes with special details, =

average room heights of 6.0 meters, constructed by construction
companies, high-quality and meticulously executed materials.

Light Industrial (12) / Defined project, materials ranging from good
to medium quality, room heights of over 10 meters, with structural
horizontal elements over 1.10 meters, construction by construction
companies, typically in industrial parks.

Equipment (E1) / Buildings with architectural design. Masonry of hollow
pieces with interior reinforcements and foundation chains. Walls with
extruded blocks, with castles and closure chains. Metal beams and
columns, zinc and painted zinc sheets, reinforcement with metal
crossbars and stiffening diagonals. This category includes markets,
schools, clinics, administrative hospitals, among others.

Source: Data and photographs from various publications (Sol de Toluca, 2022; Gonzalez et al., 2020; Buendia & Reinoso, 2019); Own elaboration

Good residential
housing with functional
architectural design /
Low susceptibility to
damage, weighting
value 0.4.

Medium commercial
with a defined and
functional regular
project / Low
susceptibility to damage,
weighting value 0.4.

High commercial with a
defined and high-quality
functional project / Very
low susceptibility to
damage, weighting
value 0.2.

Light industrial with

a defined project and
high-quality materials /
Very low susceptibility
to damage, weighting
value 0.2.

Special buildings with
a defined architectural
design / Very low

susceptibility to damage, | i

weighting value 0.2.

Partial deterioration

of surface finishes
without structural
damage, residential area
of Toluca City, during
the earthquake on

= 19/09/2017 (8.1 Mw).

Cracks in columns
without damage to
structural walls with

a defined project in
Toluca, Mexico, during
the earthquake on
19/09/2017 (8.1 Mw).

No evidence of
structural damage,
except for the fall of
products and shelves
during the earthquake
on 19/09/2017 (8.1 Mw).

Falling domes, without
structural damage with
a defined project in the
State of Chiapas, during
the earthquake on
07/09/2017 (8.2 Mw).

Cracks in walls and
facades, without
structural damage in
special buildings in the
State of Chiapas, during
the earthquake on
07/09/2017 (8.2 Mw).
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To analyze socioeconomic vulnerability conditions in the municipality of Toluca, data published by the National
Population Council of Mexico (CONAPOQO, for its acronym in Spanish) regarding the 2020 marginalization
index were utilized (CONAPO, 2020a). The marginalization index estimated by CONAPO provides insights
into economic, educational, and access-to-basic-services deficiencies, among others, experienced by
communities. Currently, for the case of Mexico, it is considered the most robust index for designing programs
aimed at connecting the population to economic and social development (Cortés & Vargas, 2011; Bernal &
Mungaray, 2017; Peldez, 2023). The cartography reflecting the spatial behavior of the marginalization index
was obtained from CONAPO (2020a) (Figure 4), and the indicators comprising the index are thoroughly
explained in CONAPO (2020b).

Figure 4. Socioeconomic vulnerability, based on the marginalization index proposed by CONAPO (2020a)
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The cartography representing socioeconomic vulnerability, according to the CONAPQO’s methodology (2020b),
considers, among its indicators: (a) total population, (b) percentage of the population aged 6 to 14 not attending
school, (c) percentage of the population aged 15 and over without basic education, (d) percentage of the
population without access to health services, (e) percentage of occupants in inhabited private housing without
drainage, (f) percentage of the population without access to piped water, (g) percentage of the population
without access to electricity, (h) percentage of occupants in inhabited private housing with earthen floors,
(i) percentage of occupants in inhabited private housing with overcrowding, (j) percentage of occupants in
inhabited private housing without access to the internet and without access to cell phones. Each indicator is
measured through variables, for example: education is estimated using the percentage of the population aged
6 to 14 not attending school and the percentage of the population aged 15 and over without basic education
(CONAPO, 2020b). The marginalization index is used to understand social vulnerability to hazards of natural
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origin, especially seismic hazards. Communities with a severe marginalization index are likely to have a lower
risk perception, less access to technologies for early warning systems, among other deficiencies. This approach
provides a solid and objective foundation for understanding socio-economic disparities in the area, which is
essential for formulating strategies and policies aimed at addressing the needs of vulnerable populations.

The cartography proposed by CONAPO (2020a) and considered in this study as socioeconomic vulnerability,
establishes its stratification into five levels: Very severe, Severe, Medium, Low and Very Low. These levels are
assigned weights of 1.0; 0.8; 0.6; 0.4 and 0.2, respectively, to subsequently integrate this result into the esti-
mation of seismic vulnerability of the municipality.

3. Results

3.1. Structural vulnerability

The resulting cartography of structural vulnerability is achieved by summing the “weight value” attribute
contained in the layers of the three involved indicators (seismic resonance, age of constructions, and
construction typology) explained in the previous section (Figure 5). The three indicators are scaled from 0
to 1, with the sum of the indicators yielding a minimum of 0.2 and maximum of 3.0; while the intervals were
established with the support of the Principal Components and Dalenius and Hodges methods explained in
Lee & Oh (2022) and commonly applied in risk studies (Diaz et al., 2020; Eboh et al., 2021; Saha & Saha, 2021).
Cartographic analysis revealed that 870 blocks are classified under a condition of very severe structural
vulnerability, 2,240 in severe structural vulnerability, 1,573 in moderate, 2,254 in low, and 870 blocks are in
very low structural vulnerability.

Figure 5. Cartography of structural vulnerability for the municipality of Toluca
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The blocks with a very severe level of structural vulnerability do not follow a well-defined distribution pattern.
Reviewing the attributes in each of the shapes representing the considered indicators indicates that 74.4% of
these blocks have exceeded their useful life, according to data from IGECEM (2022a). It is demonstrated that,
of the total blocks with a very severe level of structural vulnerability, 100% are prone to seismic resonance,
and the three most frequent types of structures were precarious housing (H1), economical housing (H2), and
social interest housing (H3).

The blocks classified at the level of severe structural vulnerability are mainly concentrated in the areas of the
Toluca de Lerdo neighborhood and other areas in the northern part of the municipality. In these blocks, the
most frequent characteristic was the age of the buildings, with 80% of them exceeding the useful life span
and being constructed before the enactment of the General Building Regulations of the municipality. Mean-
while, in the northern part of the municipality, the neighborhoods with the most blocks in the category of
severe structural vulnerability were San Pablo Autopan (137 blocks) and San Lorenzo Tepatitlan (182 blocks),
where the indicator of constructive typology (Precarious housing, H1) influenced significantly.

The level of “moderate” structural vulnerability, representing 20.14% of the blocks. Figure 6 represents the
frequency of the three indicators in the 1,573 blocks in the “moderate vulnerability” category.

Figure 6. Influence of seismic resonance, age of buildings, and structure type on the 1,573 blocks classified
as having moderate structural vulnerability
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The 2,254 blocks representing low structural vulnerability are notably influenced by 1,218 blocks consisting
of social housing structure (H3). It is also noteworthy that 70% of the 2,254 blocks are within the lifespan for
which they were designed.

On the other hand, the 870 blocks classified as very low structural vulnerability do not have a defined distribu-
tion pattern. The most common characteristics in this level of vulnerability can be summarized as follows: (1)

97.4% of the blocks are within the lifespan for which they were designed, (2) 91.2% of the blocks are located

in sites not susceptible to the occurrence of seismic resonance, and (3) none of the 870 blocks, according to

the type of structure, fall into the categories of severe or very severe vulnerability.

The analysis of the cartography of structural vulnerability conducted so far indicates priority areas in terms of
structural reinforcement measures. Among the components of the seismic risk equation, structural vulnera-
bility is probably the most complex to address due to the substantial economic resources required. However,
the spatial analysis of structural vulnerability obtained in this study would support the definition of priority
zones for the allocation of resources.

The indicators described in section 2.2 allowed the National Population Council of Mexico (CONAPO) to
approach critical aspects of the quality of life and socioeconomic conditions of different communities. The
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cartographic analysis, for the particular case of the municipality of Toluca, revealed that a total of 329 blocks
fall into the category of very severe socioeconomic vulnerability. Likewise, 1,512 blocks are in the category of
severe socioeconomic vulnerability, 1,745 blocks present a moderate socioeconomic vulnerability, 2,950 blocks
have low vulnerability, and 1,271 blocks are in the category of very low socioeconomic vulnerability (Figure 7).

Figure 7. Approach to socioeconomic vulnerability according to CONAPQ'’s (2020a) margination index. The graph expresses
the percentage of blocks in each category for 7,807 blocks that make up the municipality of Toluca
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The blocks classified as very severe socioeconomic vulnerability are concentrated north of the urban area,
especially in the neighborhoods of Jicaltepec Autopan (94 blocks with this classification), and San Pablo
Autopan (108 blocks in this category). The analysis of various indicators shows that the percentage of the
population without health insurance affiliation is the characteristic that exerts the greatest influence in this
vulnerability category.

The blocks classified in the severe vulnerability category amount to a total of 1,512 (19.4%). These blocks
exhibit a unique spatial distribution pattern, predominantly located in the northern zone of the municipality,
covering the neighborhoods of La Constitucion Totoltepec and San Cristébal Huichotitlan. Regarding the
latter neighborhood, the CONAPO database (2020a) indicates that it has the highest concentration of people
with disabilities to go up or down stairs compared to the rest of the municipality. This information is crucial
for the objective of the present research. Likewise, with the purpose of validating and quantifying the infor-
mation, the Census of Population and Housing (INEGI, 2020a) was consulted, which identifies 52 people in
this locality with motor disabilities.

The blocks classified in the moderate vulnerability category amount to a total of 1,745, representing 22.3%
of the total blocks analyzed. The most influential indicator is the percentage of the population aged 6 to 14
who do not attend school.

The blocks classified as having low and very low socioeconomic vulnerability represent 35% and 17% of
the municipal total, respectively, and are spatially located in the center of the municipality. They coincide
with areas where urban infrastructure has been consolidated, with the presence of 525 schools (covering all
educational levels), 81 sites offering some medical service, 15 government offices, and an extensive network
of businesses totaling 208 establishments (National Statistical Directory of Economic Units [DENUE], 2020).

The seismic vulnerability in the municipality of Toluca is obtained by adding together the structural and socio-
economic vulnerabilities (Figure 8). Both vulnerabilities were standardized between 0 and 1; the sum yielded a
minimum of 0.2 and a maximum of 1.8. Stratification is performed using a similar procedure to that employed
in estimating structural vulnerability. Table 4 provides a summary of the most frequent characteristics of the
five seismic vulnerability (VS) categories. The summary of the most frequent characteristics in each vulnera-
bility category can serve as a guide for local risk management, particularly in the disaster risk reduction stage.
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Table 4. Most frequent characteristics according to the seismic vulnerability level

Level of seismic Number IYIost frequen_t cI?aracteristit_:_s
vulnerability of according to the seismic vulnerability level
(stratification values) | Blocks Structural Socioeconomic
0,
3 block exceeds the useful life period. 99% .Of.the blocks have
electricity.
Only the constructions of eleven blocks are 98.2% of children aged 6 to
Very low 848 prone to the resonance phenomenon. 14 attend school.
(0.4-0.68) 79% of people residing in the
62.1% of the blocks classify as very low 848°bloc[:3ks Eave affilia?ion
vulnerability according to construction .
typology. YVIth some type of health
) insurance.
99% of the blocks do not exceed the
Low designed useful life period. It is relevant that 99.2% of
(0.69 - 0.96) 1,462 | Only the structures corresponding to the population aged 6 to 14
two blocks could suffer the effects of the attends school.
resonance phenomenon.
Approximately 40% of the structures exceed
the useful life period of their design.
Moderate Structures located in 87% of these blocks 39% of households in these
(0.97 - 1.24) 2,669 probably will not experience resonance in blocks are classified as
’ ’ case of an earthquake. overcrowded.
41.4% belong to moderate vulnerability based
on construction typology indicator.
i 0,
Structures located in 69.1 A) of th_ese bIock_s Approximately 33% of the
have exceeded the useful life period of their .
original design. population aged 6 to 14
living in these blocks does
Severe Structures located in 25.6% of these blocks not attend school. 16.8% of
(1.25 - 1.52) 1,852 probably will experience resonance in case of | the homes lack drainage and
’ ’ a moderate to severe-magnitude earthquake. | sanitary facilities, classified
39% of the blocks in this category exhibit bregﬁgfyhft?sziib)(ﬁﬁ) and
very severe vulnerability according to the P . N9
. . economic housing (H2).
construction typology indicator.
Structures located in 90.5% of these blocks , o
have exceeded the useful life period of their Approxmatgly 29.5% of
original design the population aged 6 to 14
: living in these blocks does
Structures located in 28.9% of these blocks not attend school. 21.3% of
probably will experience resonance in case of | the homes in blocks with this
Very severe 976 a moderate to severe-magnitude earthquake. | category lack drainage and
(1.53-1.8) 76.3% of the 976 blocks in this seismic sanitary facilities, classified
vulnerability category have homes that bregﬁgfgﬂhg?;ﬁb) (231) and
belong to structurally fragile construction gconomic housin g(H2) 48.6%
typologies (H1), generally without foundations of households in tghese .bloékso
and sometimes consisting of adobe walls are classified as overcrowded
(IGECEM, 2022b). )

Own elaboration

Later, .shp files of seismic vulnerability were overlaid with the exposure database (IGECEM, 2022a) and the
population census (INEGI, 2020a). This allowed for correlating the most representative neighborhoods with
the level of seismic vulnerability, the number of homes, and the population. This approach provides key in-
formation for more effective seismic risk management at the municipal level. This exercise was carried out
for the levels of moderate, severe, and very severe Vs, as expressed in Table 5, note that the Toluca de Lerdo
neighborhood is predominant in the moderate and severe V_levels.
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Table 5. Distribution of housing and population in neighborhoods of the municipality of Toluca according to moderate, severe,
and very severe levels of seismic vulnerability (V).

Seismic vulnerability level Representative neighborhoods Number of housing Population
Toluca de Lerdo 9,524 43,365
Moderate Sauces 4,828 11,181
Santiago Miltepec 396 3,924
Toluca de Lerdo 27,751 120,012
San Pablo Autopan 2,189 18,635
Severe San Cristdbal Huichochitlan 2,376 20,869
Jicaltepec Autopan 2,020 10,968
Santiago Miltepec 1,615 8,923
Arroyo Vista hermosa 2,051 10,255
San Diego de los Padres Cuexcontitlan 13,025 72,058
Very severe San Mateo Otzacatipan 1,210 8,960
San Andrés Cuexcontitlan 832 4,301

Own elaboration

This summary highlights the distribution of seismic vulnerability in neighborhoods of the municipality of To-
luca de Lerdo, considering the number of homes and the population. It is presented concisely to facilitate
understanding of the areas with higher seismic risk and their demographic impact in the region.

Figure 8. Cartography for the distribution of blocks in different ranges of seismic vulnerability in the municipality of Toluca
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Cardona (2023), in his conference “The Future of Risk Management”, where he stated:

“The Future of Risk Management is precisely that there is no Risk Management; what should exist is Devel-
opment Management, where risk management no longer has to be explicitly stated but is already properly
incorporated into Development Management”.

Certainly, this comment represents a paradigm shift, where the results generated from academia should per-
meate and be articulated in territorial planning instruments (such as the Municipal Urban Development Plan
in the case of Toluca). The results obtained in this study enhance two significant aspects:

(1) Immediately, a path of priorities for disaster risk reduction is outlined, starting from the hypothesis that
vulnerability is the only variable in the risk equation that can be influenced. The cartography obtained
on the GIS platform and interpreted in this research indicates at the block level where priority attention
sites are located and what the focus for the solution (physical or social) would be.

(2) In the very short term, it would enhance the Municipal Urban Development Plan, which would be gen-
erated in 2025 (Administration 2025-2027). Specifically, the results obtained here can be considered
in the sections of diagnosis, foresight, and strategies. It would justify the allocation of resources for
vulnerability reduction.

This research provides a detailed view of vulnerability to seismic risk in the municipality of Toluca, thoroughly
addressing 7,807 blocks in a city of approximately 910,608 inhabitants. To integrate the obtained results into
risk management processes, at least two concrete actions are proposed from academia before the end of the
current year: (a) becoming part of the Advisory Council of the State Coordination of Civil Protection. Currently,
the academic space where this research is conducted has two proposed members for the council, and (b)
conducting a risk management synergy workshop in September. This event is held every year; for example,
in 2023, it was named “Institutional Civil Protection Week”. Dissemination spaces are relevant to visualize
vulnerability to natural threats and establish areas of opportunity.

This methodology considers variables not only related to construction typologies but also to geology,
geotechnical indicators, structural behavior, and socioeconomic indicators. The only similar research for the
case study was conducted by Ordaz Hernandez et al. (2020), where they worked on 5,121 blocks, excluding
2,686 blocks located mainly in the northern zone of the municipality at that time. The mentioned work focused
on the analysis of structural vulnerability, considering construction typology and the age of buildings. However,
it did not consider the possible occurrence of the seismic resonance phenomenon.

The seismic risk vulnerability analysis presented in the current proposal can be improved. The authors of
this work are currently working on determining institutional vulnerability, where the relevance of government
structures and the preparedness of public servants can be assessed. Both governmental structures and the
technical personnel within them should enable a robust approach to risk reduction, emergency response, and
recovery (the three main stages of disaster risk management).

A second future line of work consists of transitioning from the block scale to the property scale, where the
976 blocks classified in this study with very severe vulnerability to seismic risk will be prioritized in a first stage.
At the property scale, details such as plan and vertical irregularities can be defined, similar to the approach
taken by Garcia (2015) in the Benito Juarez Delegation of Mexico City. The property-level study could lead to
obtaining vulnerability functions for representative buildings in the municipality of Toluca.

Finally, the socioeconomic assessments conducted in this study based on the CONAPO marginalization index
constitute a vital input for all three levels of government (municipal, state, and federal). The cartographic result
obtained (Figure 4), and its analysis justify the design of consistent governmental actions involving educational
programs, expanding employment opportunities, and improving the structural conditions of homes, with a
focus on blocks classified as having severe and very severe socioeconomic vulnerability. It is suggested to
implement and monitor some of the social programs for poverty alleviation and labor inclusion proposed by
the Economic Commission for Latin America and the Caribbean (Abramo et al., 2019). Additionally, efforts can
be directed towards participating in projects within the Social Inclusion and Development Program designed
by the Inter-American Development Bank (2023).
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The presented work offers a simple and viable alternative to replicate for other municipalities in Mexico. The
procedure converges structural and socioeconomic components, with the purpose of obtaining a product of
relevance for the subsequent design of Disaster Risk Reduction strategies.

The results obtained are consistent with the level of available information; however, short-term work is needed
to: (1) obtain seismic microzonation, (2) strengthen the analysis of structural vulnerability to earthquakes
at the municipal level, even with opportunities within empirical methodologies, for example, as applied in
Novelo-Casanova & Suarez (2024), (3) transition to the application of analytical methods in the medium term

(Milutinovic & Trendafiloski, 2003), and (4) conduct detailed analyses of vulnerabilities in lifelines and heritage
buildings.

Specifically, for the municipality of Toluca, the cartography obtained for each of the described indicators, and
its integration into a seismic vulnerability map, constitute a tool and roadmap for all levels of government with
influence in the municipality. It identifies priority blocks for addressing vulnerability reduction.
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